D
isease-specific statements are intended to augment the current general American College of Medical Genetics (ACMG) Standards and Guidelines for Clinical Genetic Laboratories. Individual laboratories are responsible for meeting the CLIA/College of American Pathologists (CAP) quality assurance standards with respect to appropriate sample documentation, assay validation, general proficiency, and quality control measures.
BACKGROUND ON SPINAL MUSCULAR ATROPHY
Gene symbol/chromosome locus Survival motor neuron 1 (SMN1) gene at chromosome 5q11.2-13.3.
OMIM #
Spinal muscular atrophy (SMA) type I (253300), SMA type II (253550), and SMA type III (253400).
Brief clinical description
The autosomal recessive disorder proximal SMA is a severe neuromuscular disease characterized by degeneration of alpha motor neurons in the spinal cord, which results in progressive muscle weakness and paralysis. The predominant pathologic feature on autopsy studies of patients with SMA is loss of motor neurons in the ventral horn of the spinal cord and in brainstem motor nuclei. SMA is the second most common fatal autosomal recessive disorder after cystic fibrosis, with an estimated incidence of approximately 1 in 10,000 live births. 1 Childhood SMA is subdivided into three clinical groups on the basis of age of onset and clinical course. 2, 3 Type I SMA (Werdnig-Hoffman disease) is characterized by severe, generalized muscle weakness and hypotonia at birth or within the first 3 months. Death from respiratory failure usually occurs within the first 2 years. Approximately 60 -70% of patients with SMA have the type I disease. 4 Type II children are able to sit, although they cannot stand or walk unaided, and typically survive beyond 4 years. The phenotypic variability exceeds that observed in type I patients, ranging from infants who sit transiently and demonstrate severe respiratory insufficiency to children who can sit, crawl, and even stand with support. Prognosis in this group is largely dependent on the degree of respiratory involvement. Type III SMA (Kugelberg-Welander disease) is a milder form, with onset during infancy or youth: patients learn to walk unaided and have prolonged survivals. They comprise a less fragile group than type II patients with respect to respiratory and nutritional vulnerability. Type III SMA is further subdivided into two groups: type IIIa (onset before 3 years of age) and type IIIb (onset at age Ն3 years). Cases presenting with the first symptoms of the disease at the age of 20 -30 years are classified as type IV or proximal adult type SMA. The described classification is based on age of onset and clinical course, but it should be recognized that the disorder demonstrates a continuous range of severity. For more information, see the online Gene Reviews profile at http://www.ncbi.nlm.nih.gov/books/ NBK1352/.
Mode of inheritance
Inheritance is autosomal recessive, with variable expression.
Gene description/normal gene product
The SMA gene is within a complex region containing multiple repetitive and inverted sequences. 5 The SMN gene (Entrez Gene ID number 6606) comprises nine exons with a stop codon present near the end of exon 7. 6 Two inverted SMN copies are present: the telomeric or SMN1 gene, which is the SMA-determining gene and the centromeric or SMN2 gene. The two SMN genes are highly homologous, have equivalent promoters, and only differ at five base pairs. 5, 7, 8 The base differences are used to differentiate SMN1 from SMN2. The coding sequence of SMN2 differs from that of SMN1 by a single nucleotide (840CϾT), which does not alter the amino acid but has been shown to be important in splicing. SMA results from a reduction in the amount of the SMN protein, and there is a strong correlation between the disease severity and SMN protein levels. 9, 10 The SMN protein is a ubiquitously expressed, highly conserved 294-amino acid polypeptide. The protein is found in both the cytoplasm and nucleus and is concentrated in punctate structures called "gems" in the nucleus. High levels of the protein have been found to exist in the spinal motor neurons, the affected cells in patients with SMA. The protein self-associates into multimeric structures. Biochemically, SMN does not seem to exist within cells in isolation but instead forms part of a large protein complex, the SMN complex. Many of these SMN interacting proteins are components of various ribonuclear protein (RNP) complexes that are involved in distinct aspects of RNA metabolism. The best characterized function of the SMN complex is regulating the assembly of a specific class of RNAprotein complexes, the small nuclear RNPs (snRNPs). 11, 12 The snRNPs are a critical component of the spliceosome; a large RNA protein that catalyzes premRNA splicing. SMA may, therefore, be a disorder resulting from aberrant splicing. As the SMN protein is ubiquitously expressed, it remains unknown how a loss of a general housekeeping function (snRNP assembly) causes a selective loss of motor neurons in SMA. 13 The high expression of SMN protein in motor neurons may suggest that the neuronal population is more sensitive to decreases in the SMN protein level. Possibly, the altered splicing of a unique set of premessenger RNAs results in deficient proteins, which are necessary for motor neuron growth and survival. In addition to its role in spliceosomal ribonucleoprotein assembly, SMN may have other functions in motor neurons. A subset of SMN complexes is located in axons and growth cones of motor neurons and may be involved in some aspects of axonal transport and localized translation of specific messenger RNAs. 14, 15 The SMN1 mutation Homozygous mutations of the SMN1 gene cause SMA. Both copies of the SMN1 gene are absent in approximately 95% of affected patients, whereas the remaining patients have nonsense, frameshift, or missense mutations within the gene. 16 Based on Hardy-Weinberg equilibrium, the remaining patients (with the smaller types of mutations) are virtually all assumed to be hemizygous for the SMN1 deletion. The absence of SMN1 can occur by deletion, typically a large deletion that includes the whole gene or by conversion to SMN2. Although patients with SMA have mutations in SMN1, they always carry at least one normal copy of SMN2, which is partially functional but unable to fully compensate for the deficiency of the SMN1 protein. The homozygous loss of both genes has not been reported, presumably as a result of lethality.
Genotype/phenotype association
SMN1 exon 7 is absent in the majority of patients independent of the severity of SMA. Several studies have shown that the SMN2 copy number modifies the severity of the disease. [17] [18] [19] [20] The SMN2 copy number varies from 0 to 3 copies in the normal population, with approximately 10 -15% of normal individuals having no SMN2. However, patients with a milder phenotype with type II or III SMA have been shown to often have more copies of SMN2 than type I patients. The majority of patients with the severe type I form have one or two copies of SMN2; most patients with type II have three SMN2 copies; and most patients with type III have three or four SMN2 copies. Three unaffected family members of patients with SMA, with confirmed SMN1 homozygous deletions, were shown to have five copies of SMN2. 21 These cases not only support the role of SMN2 modifying the phenotype but they also demonstrate that expression levels consistent with five copies of the SMN2 genes may be sufficient to compensate for the absence of the SMN1 gene. This inverse dose-relationship between SMN2 copy number and disease severity has also been supported by the SMA mouse model. 22, 23 The SMA mouse models have not only confirmed the susceptibility of motor neuron degeneration to SMN deficiency but have also verified that the degeneration can be prevented by increased SMN2 dosage. Mice lacking the endogenous mouse SMN gene but expressing two copies of the human SMN2 gene develop severe SMA and die within 1 week of age; however, mice that express multiple copies of SMN2 do not develop the disease. In addition to the SMN2 copy number, other modifying factors influence the phenotypic variability of SMA. There are very rare families reported in which markedly different degrees of disease severity are present in affected siblings with the same SMN2 copy number. These discordant sib pairs, which share the same genetic background around the SMA locus, would indicate that there are other modifier genes outside the SMA region. Differences in splicing factors may allow more full-length expression from the SMN2 gene and account for some of the variability observed between discordant sibs. 24 It was also found that in some rare families with unaffected SMN1-deleted females, the expression of plastin 3 was higher than in their SMA affected counterparts. 25 Plastin 3 was shown to be important for axonogenesis and, therefore, may act as a protective modifier.
Mutational mechanism
The SMN1 gene produces full-length transcript, whereas the SMN2 gene produces predominantly an alternatively spliced transcript (exon 7 deleted) encoding a protein (SMN⌬7) that does not oligomerize efficiently and is unstable. 26, 27 The inclusion of exon 7 in SMN1 transcripts and exclusion of this exon in SMN2 transcripts are caused by the single nucleotide difference at ϩ6 in SMN1 exon 7 (c.840CϾT). Although the C to T change in SMN2 exon 7 does not change an amino acid, it does disrupt an exonic splicing enhancer (ESE) or creates an exon silencer element (ESS) that results in the majority of transcripts lacking exon 7. 28, 29 The ESEs and ESSs are cis-acting exonic sequences that influence the use of flanking splice sites. ESEs stimulate splicing and are often required for efficient intron removal, whereas ESSs inhibit splicing. Whether it is the loss of an ESE or creation of an ESS, the result is a reduction of full-length transcripts generated from SMN2. A single SMN2 gene produces less functional protein compared with a single SMN1 gene. 9,10,20 -30 Therefore, SMA arises because the SMN2 gene cannot fully compensate for the lack of functional SMN when SMN1 is mutated. However, small amounts of full-length transcripts generated by SMN2 are able to produce a milder type II or III phenotype when the copy number of the SMN2 gene is increased. SMA is, therefore, caused by low levels of SMN protein, rather than a complete absence of the protein. A recent report described three unrelated patients with SMA who possessed SMN2 copy numbers that did not correlate with the observed mild clinical phenotypes. 31 A single base substitution in SMN2, c.859GϾC, was identified in exon 7 in the patients DNA, and it was shown that the substitution created a new ESE element. The new ESE increased the amount of exon 7 inclusion and full-length transcripts generated from SMN2, thus resulting in the less severe phenotypes. Therefore, the SMA phenotype may not only be modified by the number of SMN2 genes but SMN2 sequence variations can also affect the disease severity. It should, therefore, not be assumed that all SMN2 genes are equivalent and sequence changes found within the SMN2 gene must be further investigated for potential positive or negative effects on SMN2 transcription when there is a lack of correlation between the genotype and phenotype.
Listing of mutations
Although the absence of both copies of the SMN1 gene is a very reliable and sensitive assay for the molecular diagnosis of SMA, approximately 5% of affected patients have other types of mutations in the SMN1 gene that will not be detected by homozygous deletion testing. Because of the high deletion frequency and according to the Hardy-Weinberg equilibrium, most of these patients will be compound heterozygotes; with one SMN1 allele being deleted and the other allele with a point mutation or other types of small mutations. If a patient with SMA possesses only a single copy of SMN1, it is likely that the remaining copy contains a more subtle mutation, including nonsense mutations, missense mutations, splice site mutation insertions, and small deletions. Many of the same intragenic mutations have now been reported in unrelated patients. 19, 32, 33 The most frequently reported mutations are the p.Tyr272Cys (c.815AϾG), c.399_402delAGAG, c.770-780dup11, and p.Thr274Ile (c.821CϾT). The coding region for SMN can be found on ensemble (www. ensemble.org). Proper nomenclature must be used to report any verified sequence mutation (http://www.hgvs.org/mutnomen/).
Ethnic association of SMA
With an incidence of approximately 1 in 10,000 live births and a carrier frequency of 1/40 -1/60, SMA is the leading inherited cause of infant mortality. A recent report provides carrier frequencies in several populations including white, Ashkenazi Jewish, African American, Asian, and Hispanic. 34 The lower carrier frequencies found in African Americans and Hispanics would suggest a lower prevalence of SMA in these populations.
GUIDELINES Definition of normal and mutation category

Alleles
Among normal alleles, a chromosome with one copy of SMN1 gene is designated as a "1-copy" or "1" allele. A chromosome bearing two copies of SMN1 gene is designated as a "2-copy" or "2" allele. The most common disease allele bears a deletion (or gene conversion of SMN1 to SMN2) resulting in a loss of exon 7 (⌬7SMN1) is referred to as the "0-copy" or "0" allele. Disease alleles with subtle intragenic point mutations on the SMN1 gene are referred to as 1 d . The 0, 1, 2, and 1 d alleles are also variably referred to as a, b, c, and d alleles, respectively, in literature. 35 The resulting allele pairings that give rise to the diagnostic and carrier genotypes of SMA are defined later.
Diagnostic
The term "diagnostic" in the context of SMA is characterized by the presence of mutations classified into either of three categories (Table 1) . Category 1, which accounts for approximately 95% of affected individuals, is characterized by a homozygous absence of SMN1 exon 7 (⌬7SMN1) due to deletions or gene conversions of SMN1 gene to SMN2 and is designated as the [0 ϩ 0] genotype or a 2 . 36 The resulting diagnostic finding is the absence of detectable SMN1 exon 7 and SMN1 exon 7 copy number of 0. Category 2, which accounts for approximately 5% of affected individuals, is characterized by compound heterozygosity for a rare intragenic point mutation within the SMN1 gene on one chromosome and a deletion/gene conversion of SMN1 exon 7 (⌬7SMN1) on the other chromosome and is designated as the [1 d ϩ 0] genotype or 2ad. The resulting diagnostic finding may be a detectable level of SMN1 exon 7 and an SMN1 exon 7 copy number of either 0 or 1 depending on the location of the rare intragenic point mutation within the SMN1 gene and its ability to interfere with SMN1 copy number analysis. Category 3, which is very rare and is most likely due to consanguinity, is characterized by subtle intragenic point mutations within the SMN1 gene on both chromosomes and is designated as the [ 
The resulting diagnostic finding may be a detectable level of SMN1 exon 7 and an SMN1 exon 7 copy number of 0, 1, or 2 depending on the location of each rare intragenic point mutation within the 
Carrier
The term "carrier" in the context of SMA is classified into either of three categories (Table 2) . Category 1 is characterized by an SMN1 exon 7 copy number of 1 and presumes the presence of an SMN1 deletion/gene conversion on the other chromosome (heterozygous ⌬7SMN1) and is designated as the [1 ϩ 0] genotype or 2ab. Category 2 is characterized by a presence of two SMN1 genes in cis on a single chromosome along with a deletion/gene conversion of SMN1 exon 7 on the opposite chromosome resulting in an SMN1 exon 7 copy number of 2 and is designated as the [2 ϩ 0] genotype or 2ac. Category 3 is characterized by a subtle intragenic point mutation on one chromosome resulting in an SMN1 exon 7 copy number of Ն2 and is designated as the [ 36 
Negative result
A negative test result is characterized by the presence of detectable amounts of SMN1 exon 7, with an SMN1 exon 7 copy number of Ͼ1, with the presence of subtle intragenic point mutations within the SMN1 gene having been ruled out. If the presence of subtle intragenic mutations has not been ruled out, a negative test result decreases the likelihood but does not exclude the diagnosis of SMA. Within the context of carrier testing, an SMN1 copy number of Ն2 is associated with a reduced risk to be a carrier.
TESTING CONSIDERATIONS
As with any genetic testing modality, the required intake information needed to facilitate an accurate result interpretation includes the reason for referral, i.e., diagnostic versus carrier testing, an accurate representation of family history, i.e., additional affected or carrier individuals identified within the family, clinical or diagnostic findings of relevance to SMA, and patient ethnicity. Patient ethnicity helps to provide appropriate risk assessment after a negative carrier testing result in an individual with no family history of SMA.
Diagnostic mutation analysis
Testing by SMN1 deletion or copy number analysis is indicated for individuals with a suspected diagnosis of SMA, presenting with symptoms of proximal muscle weakness, fasciculations, dysphagia, dysarthria, and absent deep tendon reflexes.
Sensitivity and specificity
The analytical sensitivity of SMN1 deletion/copy number analysis (proportion of homozygous ⌬7SMN1 among all mutations in diagnostic category 1) is Ͼ99% (using the dosage assays described in the guidelines). The clinical sensitivity (proportion of homozygous ⌬7SMN1 if 5q13-linked SMA is present) of the diagnostic test is approximately 95%. The remaining 5% of patients fall into either of diagnostic categories 2 or 3 (i.e., the [ 3 These are patients with other types of small mutations within the SMN1 gene and will not be detected by the deletion testing.
Although the absence of both copies of the SMN1 gene is a very reliable and sensitive assay for the molecular diagnosis of SMA, approximately 5% of affected patients have other types of mutations in the SMN1 gene that will not be detected by homozygous deletion testing. Because of the high deletion frequency and according to the Hardy-Weinberg equilibrium, most of these patients will be compound heterozygotes; with one SMN1 allele being deleted and the other allele with a point mutation or other types of small mutations. If a patient with an SMA-like phenotype possesses only a single copy of SMN1, it is likely that the remaining copy contains a more subtle mutation, including nonsense mutations, missense mutations, splice site mutation insertions, and small deletions.
Both the analytical specificity (proportion of negative test results if homozygous ⌬7SMN1 SMA genotype is not present) and the clinical specificity (proportion of negative test results if 5q13-linked SMA is not present) of SMN1 deletion/copy number analysis are Ͼ99%. Polymorphisms or point mutations under the primer and/or the probe binding regions may influence the analytical and clinical specificity by increasing the false-positive rate depending on the technology used. 37 As a measure of additional quality assurance, follow-up sequencing underneath the primer and probe binding regions on all diagnostic (0 or 1 SMN1 copy number) results is expected to rule out a false-positive diagnostic finding attributable to this phenomenon and provide a better understanding of the underlying molecular mechanism of the mutation identified.
De novo deletion or gene conversions of paternal origin have been reported to occur at a frequency of 2% of patients with SMA. 38 Carrier testing on both parents of patients with homozygous ⌬7SMN1 SMA may provide additional information on the occurrence of de novo deletions. If one of the parents seems to be a noncarrier of SMA (i.e., Ն2 copies of SMN1), further carrier testing on both parents of the noncarrier parent (i.e., the grandparents) can be pursued to determine the phase of SMN1 genes in the noncarrier parent. This helps distinguish a [1 ϩ 1] genotype leading to a de novo deletion in the index case, from a [2 ϩ 0] obligate carrier genotype in the seemingly noncarrier parent. Furthermore, germline mosaicism for SMN1 deletion/ gene conversions has been reported. 6 Although the detection of a de novo mutation in an SMA family substantially lowers the recurrence risk, prenatal diagnosis in subsequent pregnancies should still be considered due to the rare possibility of a recurrent de novo mutation or germ-line mosaicism leading to an affected child.
Carrier testing
Carrier testing for SMA should be offered to asymptomatic individuals with a confirmed or suspected family history of SMA. Given the 1/40 -1/60 carrier frequency of SMA, popula- The sensitivity (true positives/true positives ϩ false negatives, or the detection rate) of the carrier test is defined as the proportion of carriers with the heterozygous ⌬7SMN1, 1-copy genotype among all SMA carriers (including point mutation carriers and deletion carriers with two copies of the SMN1 gene) and can be expressed as the ratio [ 
Here a subset of the denominator, [1 ϩ
, represents a source of false-negative carrier test results. Detection rate varies by ethnicity ranging from 71% in African Americans to 95% in whites. 34 The major contributor to this ethnicity-based variation in detection rate is the occurrence of two (or more) SMN1 genes in tandem on a single chromosome 5 (i.e., the [2 ϩ 0] Category 2 carrier genotype). The estimated frequency of alleles with two or more copies of SMN1 is 3-8 times more prevalent in African Americans, when compared with other ethnic groups. 34 This translates to a much higher frequency of individuals with the SMA carrier [2 ϩ 0] genotype among African Americans compared with other races. It also has important implications in risk assessment and counseling after carrier screening in individuals of African American ancestry.
As with the diagnostic test, analytical specificity of the carrier test (proportion of negative test results if not a carrier) is Ͼ99% if the presence of polymorphisms underneath the primer and/or probe binding sites are ruled out. The negative predictive value, i.e., the proportion of negative tests that correctly identifies noncarriers (true negatives/true negatives ϩ false negatives), is Ͼ99% regardless of ethnicity. The positive predictive value, i.e., the proportion of positive tests that correctly identify carriers of 5q13 linked SMA (true positive/true positive ϩ false positives) is Ͼ99% if the presence of polymorphisms underneath the primer and/or probe binding sites are ruled out.
A negative test result within the context of carrier screening is defined by an SMN1 exon 7 copy number Ն2 with a reduced posterior risk for being a carrier. The posterior risk determination takes into consideration the conditional probability of being either a carrier or a noncarrier after an SMN1 copy number analysis result of Ն2. 36, 41 The posterior residual risk for an individual with no family history of SMA to be a carrier following the identification of two copies of SMN1 exon 7 varies by ethnicity ranging from 1:632 for an individual of white ancestry to 1:121 for an individual of African American ancestry. 34 The residual risk following identification of three copies of SMN1 exon 7 is considerably lower and varies from 1:3500 for an individual of white ancestry to 1:3000 for an individual of African American ancestry. 34 As with other carrier screening tests, patients need to understand that a negative carrier screen reduces but does not eliminate the risk to be a carrier of SMA. Risk assessment calculations using Bayesian analysis are essential for the proper genetic counseling of SMA families. 35 The laboratory must establish validated, nonoverlapping cutoff values that can accurately and reliably distinguish SMN1 copy numbers of 0, 1, 2, and Ն3. The accuracy, precision, and confidence of SMN1 copy number measurements around these established cutoff values should be known to the laboratory. Copy number variations within the genomic internal standard and inefficiency of polymerase chain reaction (PCR) amplification of the internal standard reference gene relative to the SMN1 gene represent additional sources of false positive or incorrect copy number estimates. Therefore, the copy number of genomic internal standard reference gene should be constant at two copies within the genome, and the PCR amplification efficiency of the SMN1 gene relative to the chosen internal reference standard gene should be consistent between analyses. Performing replicate copy number measurements with two independent two copy number internal standard reference genes can help assure the accuracy of copy number analysis.
Prenatal testing
Indications for prenatal diagnosis of SMA include a 25% risk for the fetus to be affected (when both carrier parents are identified as a result of family history or following carrier identification by population screening) or the presence of abnormal findings such as decreased fetal movements and contractures in utero or increased NT on fetal ultrasound. Prenatal testing for SMA is performed by direct determination of the homozygous exon 7 deletion. A prerequisite is the previous identification of the homozygous deletion in the index case or positive carrier status in the parents. Testing both parents and the prenatal specimen by the same methodology, in addition to ruling out false-positive results attributed to sequence variants underneath the primer and probe binding sites, facilitates the most accurate interpretation of the prenatal test result. As maternal cell contamination of the fetal specimen can result in a false-negative test result, such contamination must be concurrently ruled out before reporting the prenatal test result. Although the presence of homozygous ⌬7SMN1 is consistent with a diagnosis of SMA, the clinical severity, i.e., the type of SMA, cannot be predicted based on these molecular results.
Linkage
In families where a sample from a previous affected child is available, linkage analysis using microsatellite markers flanking the SMN1 gene may be considered when SMN1 deletion analysis is negative, and the presence of subtle intragenic mutations tracking within the family is suspected. Another indication for linkage analysis is in distinguishing a [1 ϩ 1] genotype from a [2 ϩ 0] genotype, when two copies of SMN1 are identified in the parent of an affected child with a homozygous ⌬7SMN1. In this latter scenario, linkage analysis can also identify recombination events associated with de novo deletions occurring within the SMN1 gene.
SMN2 copy number
SMN2 copy number analysis is not routinely performed within the setting of diagnostic or carrier testing for SMA. SMN2 copy number analysis may be of value within the setting of clinical trials and newborn screening in stratifying patients who are more likely to respond to therapeutic strategies aimed at upregulating the levels of expression of full-length SMN protein from the SMN2 gene. Within clinical or prenatal diagnostic settings, however, results from SMN2 copy number analysis if available must be interpreted with caution. Although SMN2 copy number influences disease severity, SMN2 sequence variants and other genes have also been implicated in influenc-ing SMA phenotype. 42 Therefore, SMN2 copy number results may provide probabilistic information regarding clinical severity for an affected child or fetus but should not be viewed as definitive. Furthermore, an SMN2 copy number result indicates total SMN2 copy number for both alleles; therefore, it is not possible to determine SMN2 phase in unaffected individuals. For indications of carrier testing, SMN2 copy number determination does not provide information useful for counseling. For example, an SMN1 deletion carrier ([1 ϩ 0] genotype) may carry three copies of SMN2, but it is not possible to determine how many of those SMN2 copies are in cis with the deletion and would, therefore, be passed to offspring. An ability to determine phase is not clinically available at this time but would be necessary to add value to determination of SMN2 copy number in carrier parents.
METHODOLOGICAL CONSIDERATIONS
Individual US laboratories offering molecular diagnostic and carrier testing for SMA should be in compliance with all federal and state regulations relevant to clinical laboratory operations. This includes meeting all CLIA/CAP quality control requirements. In addition, all laboratories should be active participants in annual CAP SMA proficiency testing challenges. All methodological applications should also be in compliance with the current Standards and Guideline for Clinical Genetics Laboratories developed by the Laboratory Practice Committee of the ACMG. Non-US laboratories should be similarly compliant with their individual countries statutory regulations governing oversight of clinical laboratories.
The absence of detectable SMN1 in patients with SMA is being used as a reliable and powerful diagnostic test for the majority of patients with SMA. The first diagnostic test for a patient suspected to have SMA should be the SMN1 gene deletion test. Both copies of the SMN1 exon 7 are absent in approximately 95% of affected patients, whereas small more subtle mutations have been identified in the remaining affected patients. The molecular diagnosis of the SMA consists of the detection of the absence of exons 7 of the SMN1 gene. Genetic testing is not only the most rapid and sensitive method to confirm the diagnosis but also the testing allows for further invasive investigations such as electromyography and muscle biopsy to be avoided. SMN1 dosage testing is used to determine the SMN1 copy number and detect SMA carriers: carriers will possess one SMN1 copy and noncarriers will have two SMN1 copies and occasionally have three SMN1 copies. There are a number of methods being used for the determination of SMN1 copy number, with multiplex ligation-dependent probe amplification (MLPA) and quantitative PCR (qPCR) being the most common. SMN1 sequencing is used for the identification of the compound heterozygote affected state. All general guidelines for PCR, restriction fragment length polymorphism (RFLP), MLPA, qPCR, and DNA sequencing in the ACMG Standards and Guidelines apply. These technologies have limitations and strengths when applied to diagnostic and/or carrier testing for SMA as detailed later.
RFLP test
The RFLP test is commonly used and allows for the detection of the homozygous deletion of SMN1 exon 7. It is currently being used as an assay for the diagnosis of SMA in both clinical and prenatal settings. 43 The PCR primer sets first amplify both SMN1 and SMN2 exon 7. Although this is a highly repetitive region, the exon 7 base pair difference (840CϾT) alters a DraI restriction enzyme site (due to a mismatched primer) and allows one to easily distinguish SMN1 from SMN2 on digestion of the PCR products. The absence of the undigested SMN1 exon 7 product is consistent with the SMA diagnosis. Presence of an undigested product band indicates one or more SMN1 copies. Another restriction enzyme that can be used in the RFLP assay is HinfI. 19 In the HinfI assay, internal control restriction sites are introduced, which allows for the assessment of complete digestion. Regardless of the enzyme used, the appropriate positive and negative controls should always be included in every assay. Technical advantages of SMA RFLP include (1) reliability of the assay, (2) very robust and minimally sensitive to DNA quality or degradation, and (3) simplicity to set up and operate in a clinical diagnostic laboratory. Technical disadvantages of SMA RFLP include (1) the need to avoid partial digestion problems and (2) DNA sequence variants located under the SMN1 primer binding sites or enzymatic restriction site that may prevent the primers from annealing properly or proper digestion and might yield a false-positive diagnostic (zero copies) result. Clinical disadvantages of SMA RFLP include the inability to detect carrier status and determine SMN2 copy number.
Multiplex ligation-dependent probe amplification
MLPA is a PCR-based method of quantifying multiple genomic loci in a single reaction. It is based on the ligation of a set of two oligonucleotides probes that have annealed adjacently to a target sequence. Only ligated probes can serve as a template for a subsequent PCR. MLPA analysis of DNA from different individuals should reproducibly generate each of the expected peaks, and their sizes should correspond to those listed for each probe pair. MLPA technology is able to detect copy number of specific genomic loci and, therefore, can be used to test for SMA diagnostic and carrier status in clinical and prenatal settings. 44 Probe sets specific to exon 7 of SMN1, SMN2 (MRC Holland SALSA MLPA KIT P021-A1 SMN Exon 7 probes 1260-L0966 and 1260-L0967), and 20 typically diploid loci located throughout the genome are used in SMA MLPA. After performing the enzymatic reactions, the PCR products are run through a capillary electrophoresis (CE) analyzer. The relative intensities and morphologies of the peaks should be consistent from one sample to the next. When the larger amplification products are weaker than the smaller fragments, this usually indicates that PCR amplification was not optimal or that the DNA sample analyzed might be degraded. Computer-aided scoring is a sensitive method to normalize the peak height or area for each PCR product compared with the 20 endogenous control loci. The median ratios across all the samples for each probe can be used as a reference value. Reference values for a copy number of 2 should approximately 1. A heterozygous deletion should give a ratio of approximately 0.5, whereas an elevated copy number should give a reference value Ͼ1.5. Reference values for a homozygous deletion (SMA positive) are close to 0. MLPA technology has several key advantages, including (1) allowance for simultaneous detection of SMN1 and SMN2 copy numbers, therefore, helping differentiate SMA type 1 from SMA types 2 and 3, (2) a high degree of precision for the quantitative detection of three or fewer SMN1 copies, (3) 20 independent control loci are able to be assayed in one reaction, (4) all reactions are performed in a single tube, and (5) probe sets are easy to obtain commercially, (6) a high degree of reproducibility and a large number of samples can be tested simultaneously, and (7) only 20 ng of genomic DNA is required, but 5-6-fold more DNA can be successfully technically validated. MLPA technology has several important limitations including (1) DNA sequence variants located under probe bind-ing sites of SMN1 alleles may interfere with probe hybridization and might result in a false-positive carrier (one copy) or falsepositive diagnostic (zero copies) result, (2) reactions are sensitive to contaminants but generate uninterpretable results, (3) MLPA cannot yet be used to investigate single cells, which is important for preimplantation genetic diagnosis testing, (4) MLPA is not a suitable method to detect unknown point mutations, (5) MLPA probes are sensitive to small deletions, insertions, and mismatches, and (6) MLPA requires a CE analyzer, which is a higher cost option compared with slab gel electrophoresis for RFLP.
Quantitative PCR
qPCR is a multiplex qPCR that coamplifies (in the same tube) multiple genomic loci to determine gene copy number. 18 The multiplex can consist of competitive coamplification of SMN1, SMN2, the SMN internal standard, calibration factor, and the calibration factor internal standard. In the competitive PCR method, a known number of copies of a synthetic mutated internal standard are introduced with the patient sample into the PCR mixture. The internal standards are designed to be amplified with the same primer pairs for the SMN1 copy, with efficiencies similar to those of the genomic DNA counterparts and yield PCR products slightly smaller than the SMN PCR product. The copy number of SMN1 is determined by coamplification of SMN1, SMN2, and the internal standards, and the ratios are quantitated. End point detection of amplification of fluorescently tagged PCR products is done by running the samples through a CE analyzer. The major advantage of this technique is that the internal standard is amplified with the same primers that amplify the target sequence. Thus, the efficiency of the amplification of the patient DNA and the internal standard DNA should be very similar and allow one to accurately determine the gene copy number. Alternatively, real-time detection 45 (as opposed to end point detection) of multiplex PCR reactions using hydrolysis or hybridization fluorescent probes uses other strategies for normalization including (1) standard curve method or (2) comparative threshold method. Using the standard curve method, a standard curve is first constructed from a DNA of known copy number. This curve is then used as a reference standard for extrapolating quantitative information for the SMN1 copy number. The cycle at which the curve crosses a specified threshold is called the cycle threshold (Ct). Variation introduced due to variable DNA inputs can be corrected by normalizing to the calibration factor. Using the comparative threshold method, the Ct values of the sample of interest are compared with the Ct values of the calibration factor. Ct values of both the calibrator and the sample of interest are normalized to an appropriate endogenous internal control gene. qPCR is able to detect copy number of specific genomic loci and, therefore, can be used to test for SMA diagnostic and carrier status. Key advantages of qPCR include (1) extreme sensitivity, allowing the detection of less than five copies (perhaps only one copy in some cases) of a target sequence, making it possible to analyze small samples such as single cell analysis for the purpose of preimplantation genetic diagnosis, (2) with appropriate internal standards and calculations, mean variation coefficients are 5-10%, allowing reproducible analysis of the gene copy number, (3) all real-time platforms are relatively quick, with some affording high-throughput automation, and (4) realtime platforms are performed in a closed reaction vessel that requires no post-PCR manipulations, thereby minimizing the chances for cross contamination in the laboratory. Important limitations for qPCR techniques include (1) compounds present in certain biological samples or sample collection compounds (i.e., heparin) may inhibit PCR, (2) DNA sequence variants located under the primer binding sites of primers may reduce proper annealing and might result in a false-positive carrier (one copy) or diagnostic (zero copies) result, and (3) improper assay development and incorrect data analysis. Unwarranted conclusions may present the largest limitation of qPCR, and therefore, a robust and extensive validation is warranted to ensure specificity and accuracy of the results. Amplification and melting curves must be visually inspected, whereas independent calculations based on these curves should be double checked for accuracy. Finally, neither the MLPA nor qPCR can determine whether two SMN1 genes are in cis on a single chromosome.
DNA sequencing
Although the absence of both copies of the SMN1 gene is a very reliable and sensitive assay for the molecular diagnosis of SMA, approximately 5% of affected patients have other types of mutations in the SMN1 gene that will not be detected by homozygous deletion testing. Because of the high deletion frequency and according to the Hardy-Weinberg equilibrium, most of these patients will be compound heterozygotes; with one SMN1 allele being deleted and the other allele with a point mutation or other types of small mutations. If a patient with a SMA-like phenotype possesses only a single copy of SMN1, it is likely that the remaining copy contains a more subtle mutation, including nonsense mutations, missense mutations, splice site mutation insertions, and small deletions. The development of high-throughput DNA sequencing techniques has made direct DNA sequencing of PCR-amplified genomic DNA a rapid and economical approach to the identification of sequence mutations. As a consequence of the SMN1 gene being relatively small and given the uniform spectrum of mutations, it is a relatively straightforward procedure to sequence the gene and identify mutations in patients who are negative for the diagnostic deletion test. However, it is necessary to verify that the intragenic mutation has occurred in the SMN1 gene and not the SMN2 gene. As an initial screen, primers that do not distinguish between SMN1 and SMN2 may be used to amplify each exon for direct DNA sequencing. If variants or mutations are identified, SMN1-specific long-range PCR amplification is followed by either direct DNA sequencing of that long-range product or nested PCR sequencing. 46 Important limitations for SMN direct gene sequencing include (1) the requirement of allele-specific sequencing of all variants identified, (2) DNA sequencing does not detect large deletions or insertions, (3) mutations in patients exhibiting mosaicism or chromosomal rearrangements may not be detectable using sequencing technology, and (4) variants of unknown significance.
INTERPRETATIONS
Elements considered essential to the reporting of clinical test results are described in detail in the current ACMG Standards and Guidelines for Clinical Genetics Laboratories. Examples of model laboratory reports are included in the appendix. The following elements must also be included in the reporting of SMA results.
The methodology used to assign the SMA genotype should be clearly stated. All positive results in clinically diagnosed/ suspected individuals should state that genetic counseling is indicated, and carrier testing is available for other at-risk family members.
Comments on phenotype, if included, should be abstract rather than case specific. Although the inverse relationship between the SMN2 copy number and disease severity has been well established,
